Physical, hydraulic, and mechanical properties of clayey soil stabilized by Physical, hydraulic, and mechanical properties of clayey soil stabilized by lightweight alkali-activated slag geopolymer lightweight alkali-activated slag geopolymer Abstract Abstract Lightweight cement materials are extensively used in the infrastructure construction. Geopolymer is a low-carbon and environmentally friendly cementitious material. This paper presents an investigation on the physical, hydraulic, and mechanical characteristics of lightweight geopolymer stabilized soil (LGSS) and a comparison with lightweight cement stabilized soil (LCSS). Measurements of volumetric absorption (VA) of water, hydraulic conductivity (k), and unconfined compressive strength (qu), scanning electron microscope (SEM) observation, mercury intrusion porosimetry (MIP) test, and thermogravimetric analysis (TGA) are conducted. The results show that LGSS has higher VA than LCSS. The k of LGSS is one order of magnitude higher than that of LCSS. The qu of LGSS is 2-3.5 times of that of LCSS. Microstructurally, the VA and k of LGSS are found to be positively correlated with the volume of large air pores (>10 μm). Higher qu of LGSS than LCSS is attributed to more hydration products that fill up the voids of soil. It is concluded that LGSS gives better engineering performances than LCSS in terms of water absorption, permeability, and strength characteristics. 
Introduction

23
Ordinary Portland cement (OPC) is one of the prevailing construction materials in the 24 world. However, OPC production is energy-intensive, as the raw materials need to be heated to 25 a temperature higher than 1400°C, which consumes substantial electrical and hydraulic energies. 26 Its manufacturing process also consumes enormous non-renewable natural resources (1.5 tonne 27 limestone and clay per tonne of OPC). The production process also emits large amounts of 28 greenhouse gases (e.g., 0.95 tonne carbon dioxide per tonne of OPC) and polluting chemicals 29 (e.g., sulfur dioxide, carbon monoxide and nitric oxide), posing potential hazards to the air 30 quality and societal sustainability. Therefore, less energy-intensive, environmentally-friendly 31 and economic cementing materials are urgently been sought. Geopolymer, a synthetic alkali 32 aluminosilicate material from the reaction between solid aluminosilicate and concentrated 33 aqueous alkali hydroxide solution or hydroxide-silicate mixture solution, is a promising 34 alternative (Davidovits 1991; Duxson et al. 2007 ). Its production process demands less fuel 35 energy and emits less greenhouse gases (Davidovits 1991; Aguilar et al. 2010) . A wide range 36 of industrial waste materials containing silicate and/or alumina can be used as the solid 37 aluminosilicate to manufacture geopolymers, such as fly ash (FA), ground granulated blast-38 furnace slag (GGBS), and metakaolin (Aguilar et al. 2010; Arul et al. 2015; Posi et al. 2013; 39 Liu et al. 2014; Abdullah et al. 2015) . Aqueous alkali hydroxide is also widely available from 40 materials rich in sodium hydroxide or potassium hydroxide (Rowles et al. 2003; Xu et al. 2006) . 41 As a cementitious binder, geopolymer has been proved to have prestigious engineering 42 properties such as high mechanical strength, high thermal stability, and good durability 43 performances, depending on the specified chemical compositions used and reaction processes 44 involved (Bakharev 2005; Kong and Sanjayan 2008; Liu et al. 2014; Zhang et al. 2013) . 45 Lightweight cement materials have attracted the attentions from the building construction 46 industry for decades, due to their advantages in reducing the deadload of building structures, 47 improving thermal and acoustic insulation efficiency of buildings and saving transportation and 48 construction costs (Aguilar et al. 2010; Pimraksa et al. 2011; Zhang et al. 2014 ). In the 49 construction of road embankments and bridge foundations on soft clay deposits, deep mixing 50 method is commonly used to stabilize the soft soil. The settlement of the stabilized soil is largely 51 determined by the self-weight of the stabilized soil. A reduction in the self-weight of the 52 stabilized soil can substantially reduce the binder content needed to meet settlement 53 requirement. Several approaches have been explored to produce the lightweight cement 54 materials. One is to introduce air into the cement paste to reduce the material density (cellular 55 aerated or foamed cement) (Horpibulsuk et al. 2012b (Horpibulsuk et al. , 2013 (Horpibulsuk et al. , 2014 Neramitkornburi et al. 2015a, 56 b); the other is to replace normal-weight materials in the cement or concrete with lightweight 57 ones (Aguilar et al. 2010; Pimraksa et al. 2011; Posi et al. 2013; Liu et al. 2014; Arul et al. 58 2015). This study aims at the applicability of geopolymer as lightweight materials in cement 59 and its use in soil stabilization. 60 To the knowledge of the authors, limited studies have been done with respect to the 61 applications of geopolymer-based lightweight materials. One of the few studies is carried out 62 by Suksiripattanapong et al. (2015) for the sludge-fly ash lightweight cellular geopolymer. 
Materials and Testing Methods
82
Materials
83
The clayey soil used in this study is collected from Nanjing, Jiangsu Province, China.
84
Some basic properties of the clayey soil are summarized in (Horpibulski et al. 2012a : Jiang et al. 2016 Du et al. 2011 Du et al. , 2016 (Yu et al. 2016) . The GGBS used in this study, which is purchased from Nanjing 100 Iron & Steel Group Corp., is in a gray powder form.
101
The chemical compositions of the parent soil, CCR, GGBS, and PC are shown in Table 2 .
102
The alkalinity of GGBS is defined as the ratio of the summed content of CaO, MgO, and Al2O3 103 to that of SiO2, which are measured through X-ray fluorescence spectrometer as shown in Table   104 2. The physical and chemical properties of GGBS are listed in 2, 3, 4, 6, 9, 12, 15, 18, 21, 24, 27, 30, 40, 50 , and 60 days The SEM observation is conducted by using a LEO1530VP scanning electron microscope.
185
After curing for 28 days under the temperature of 20 ± 2 °C and relative humidity of 95%, 1 186 cm × 1 cm cubic samples are extracted from samples for UCS test in a careful manner to 187 eliminate disturbance. After being vacuum-dried and coated with gold, the cubic samples are 188 then subjected to the SEM observation to obtain the microstructural images.
189
The MIP test is based on the non-wetting nature of mercury so that it can be pressurized 190 to penetrate a porous medium (Diamond 1970 
where d is the diameter of the pore intruded, τ is the surface tension of intruded liquid (i.e. 195 mercury), θ is the contact angle, and p is the applied pressure. In this study, MIP test is 196 conducted using AUTOPORE 9500 mercury intrusion porosimeter (Micromeritics Co. Ltd., USA).
197
The maximum applied pressure is 228 MPa and the surface tension of mercury is 4.84×10 Nevertheless, the magnitudes of density increase are quite different between LGSS and LCSS. 8% respectively (see Fig. 2(a) ), whereas they are only 4% and 1.3% for the LCSS samples with 229 the same target density values (see Fig. 2(b) ). Regardless of the target density, the VA of LCSS 230 is found to be smaller than that of LGSS, which is consistent with the results of soil density. and then tends to be stable after 28 days. Meanwhile, this ratio for the soil with lower target 245 density (D900 and D1000) is higher than that with higher density (D1100 and D1200 LGSS and LCSS in this study may be slightly different from those reported in published studies 268 (Consoli et al. 2012; Horpibulsuk et al. 2011 Horpibulsuk et al. , 2012b which is also adopted by Jiang et al. (2016) . As seen in Table 7 , the content of C-S-H in the 310
LGSS (12.68%) is higher than that in the LCSS (6.8%), which coincides with the superior 311 strength characteristics shown in Fig. 4 The water adsorption tests show that LGSS has higher VA than LCSS (see Fig. 2) . In 317 addition, the hydraulic conductivity tests show that LGSS display higher k value than LCSS at 318 a given void ratio (see shown in Table 7 . The larger amount of C-S-H formed in stabilized soil would result in greater 332 bonding strength between soil particles and higher qu of the soil as a consequence (Chew et al. 333 2004; Du et al. 2014; Jiang et al. 2016; Shen et al. 2016 scale are found to increase linearly with void ratio.
361
(2) The qu of LGSS is 2 to 3.5 times that of LCSS at the same density and curing time. qu 362 is correlated with V/C in a power function.
363
(3) The content of C-S-H in the LGSS (12.68%) is higher than that in the LCSS (6.8%). 
